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Behavioral Responses of Epidermal Langerhans Cells
In Situ to Local Pathological Stimuli
Akiko Nishibu1,4, Brant R. Ward1,4, James V. Jester2, Hidde L. Ploegh3, Marianne Boes3 and Akira Takashima1
Pathological stimuli provoke coordinated changes in gene expression, surface phenotype, and function of
dendritic cells (DCs), thereby facilitating the induction of adaptive immune responses. This concept of DC
maturation was established mainly by studying epidermal Langerhans cells (LCs), a prototypic immature DC
subset at the environmental interface. Taking advantage of I-Ab-enhanced green fluorescent protein (EGFP)
knock-in mice in which LCs can be visualized in intact skin, we recorded the dynamic movement of EGFPþ LCs
by time-lapse confocal microscopy. LCs exhibited a unique behavior, termed dendrite surveillance extension
and retraction cycling habitude (dSEARCH), characterized by rhythmic extension and retraction of dendrites
through intercellular spaces between keratinocytes. When monitored after skin organ culture or subcutaneous
injection of tumor necrosis factor a, LCs showed amplified dSEARCH and amoeba-like lateral migration between
keratinocytes. Intravital imaging experiments further revealed steady-state dSEARCH motion in 5–10% of LCs.
Topical application of a reactive hapten, DNFB, augmented dSEARCH and triggered lateral migration of LC in
vivo. These observations introduce a new concept that in situ maturation of LCs is further accompanied by
coordinated reprogramming of motile activities.
Journal of Investigative Dermatology (2006) 126, 787–796. doi:10.1038/sj.jid.5700107; published online 26 January 2006
INTRODUCTION
Epidermal Langerhans cells (LCs) represent a prototypic
immature dendritic cell (DC) subset that is characterized by
the localization within the outermost layer of the skin and the
extension of long dendritic processes (Banchereau and
Steinman, 1998; Romani et al., 2003; Larrengina and Falo,
2005). A major task of LCs in the steady state is to capture
surrounding materials (including antigens) by macropino-
cytosis, endocytosis, and phagocytosis. Upon sensing inflam-
matory signals, however, LCs exhibit rapid and profound
changes in morphology, gene expression profile, surface
phenotype, and function. This concept of LC maturation was
first proposed by Schuler and Steinman (1985), based on their
discovery that epidermal LCs begin to exhibit characteristic
features of splenic DCs following short-term culture in cell
suspensions. Topical application of reactive haptens has long
been used as a standard protocol for studying LC maturation
in vivo because it induces morphological and phenotypic
changes in LCs (Aiba and Katz, 1990) and their migration
from the epidermis to draining lymph nodes (LNs) (Thomas
et al., 1980; Love-Schimenti and Kripke, 1994). Both LC
maturation and migration are readily inducible in vitro by
placing skin specimens into organ culture (Larsen et al.,
1990) as well as in vivo by subcutaneous (s.c.) injection of
tumor necrosis factor a (TNFa) (Cumberbatch and Kimber,
1992) or by mechanical skin trauma by tape stripping
(Streilein et al., 1982). Subsequent studies performed with
these models have established the current concept that
microbial products, inflammatory mediators, and other
‘‘danger’’ signals emerging at the environmental interfaces
induce a series of coordinated changes in LCs, including an
increase in size, hyper-elongation of dendritic processes,
heightened expression of major histocompatability complex
class II (MHC II) molecules, costimulatory molecules, and
selected chemokine receptors, acquisition of a potent T-cell-
stimulatory capacity, secretion of many cytokines and
chemokines, and mobilization to draining LNs (Banchereau
and Steinman, 1998; Romani et al., 2003; Larrengina and
Falo, 2005).
The above models have also been used to study sequential
processes for LC emigration from the epidermal compartment
(Jakob et al., 2001). Larsen et al. (1990) demonstrated that
LCs show a dramatic increase in size and heightened MHC II
expression within 4 hours while maintaining their suprabasal
positions in the epidermis, begin to displace their cell bodies
to the epidermal–dermal junction in 24–48 hours, and
subsequently accumulate in lymphatic vessels or ‘‘cords’’ in
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the dermal compartment in 72 hours in the skin organ culture
system. Through extensive electron microscopic analyses,
Stoitzner et al. (2002) further revealed that LCs first crawl
between neighboring keratinocytes by projecting very thin
and elongated cytoplasmic processes anchored to the
surrounding keratinocytes, then transit through the basement
membrane by extending the pseudopodia, migrate through
the collagen meshwork in the dermis, and finally enter the
lymphatic vessels through gaps between two neighboring
endothelial cells. Interestingly, ingestion of melanosomes and
apoptotic bodies was observed in those LCs in the dermal
lymphatic vessels. Using mAb against langerin (cluster of
differentiation (CD)207), an LC-specific C-type lectin in-
volved in Birbeck granule formation (Valladeau et al., 2000),
these and other investigators demonstrated that epidermal
LCs migrate into dermal lymphatic vessels in similar manners
after hapten application or tape stripping (Stoitzner et al.,
2003; Holzmann et al., 2004). Hapten application further
induces a marked (410-fold) increase in the number of
langerin-expressing cells in skin-draining LNs and their
phenotypic and functional maturation, directly demonstrating
hapten-dependent mobilization and maturation of LCs in
living animals (Stoitzner et al., 2003, 2005).
What is the task of LCs after achieving entry to the
LNs? Although recent studies suggest an intriguing possibility
that LCs simply transfer antigens to LN-resident DCs for T-cell
priming (Allan et al., 2003; Zhao et al., 2003; Carbone et al.,
2004), it is generally believed that those LCs that have
completed the maturational changes directly present skin-
derived antigens to T cells in the LNs (Banchereau and
Steinman, 1998). Dynamic processes in which mature DCs
interact with T cells in this location have been visualized
using advanced imaging technologies. In an initial series of
experiments, DC and T-cell preparations were labeled in
vitro with different fluorescent dyes and injected into
mice, and their dynamic interactions were subsequently
monitored with time-lapse confocal microscopy or two-
photon laser-scanning microscopy in LN organ cultures (Stoll
et al., 2002; Bousso and Robey, 2003; Benvenuti et al., 2004)
or in LNs of anesthetized mice (Mempel et al., 2004).
Moreover, motile behaviors of LN-resident DCs were directly
visualized by s.c. inoculation of a fluorescently labeled
antigen–adjuvant complex (Miller et al., 2004a, b), injection
of fluorescently labeled anti-CD11c mAb into the LNs in
organ cultures (Hugues et al., 2004), or construction of
transgenic mice expressing an enhanced yellow fluorescent
protein gene under the control of the CD11c promoter
(Lindquist et al., 2004). These studies illustrated behavioral
mechanisms by which DCs establish physical contact with T
cells. In some experiments, DCs were found to cast a net of
membrane extensions, thereby capturing T cells (Benvenuti
et al., 2004), or to project and wave their pseudopodia,
thereby optimizing the efficacy of interaction with antigen-
reactive T cells (Hugues et al., 2004; Lindquist et al., 2004).
Although the functional outcomes of these peculiar motilities
remain to be determined experimentally, the dynamic images
markedly improved our understanding of the behavioral
mechanisms for DC-dependent T-cell activation (Catron
et al., 2004; Dustin, 2004; Huang et al., 2004; Sumen
et al., 2004).
Despite the above progress in studying the immunobiol-
ogy of LCs, only limited information has been available with
respect to their in situ behaviors in the natural habitat (ie,
epidermis). The purpose of this study was, therefore, to
determine whether LCs display any unusual motile activity
besides vertical migration upon sensing pathological signals.
Here we report dynamic behaviors of epidermal LCs
recorded by time-lapse confocal microscopy in the steady
state, as well as in three standard models for LC maturation
(ie, skin organ culture, TNFa injection, and hapten applica-
tion).
RESULTS
Visualization of the baseline ex vivo behaviors of epidermal LCs
We employed I-Ab-enhanced green fluorescent protein
(EGFP) knock-in mice in which the MHC II I-Ab gene is
replaced with a construct encoding an EGFP-tagged version
(Boes et al., 2002). In ear skin samples freshly harvested from
the mice, many EGFPþ cells extending long dendritic
processes were found in the epidermal compartment (Figure
1a, green fluorescent signals). Furthermore, CD11c expres-
sion was detected in all tested EGFPþ epidermal cells (1,670
in total) (Figure 1a, red fluorescent signals). Conversely, all
tested CD11cþ cells exhibited EGFP fluorescent signals.
Thus, epidermal LCs can be visualized as EGFPþ epidermal
cells in intact skin in the absence of tissue fixation or staining.
To determine whether these EGFPþ LCs might exhibit any
baseline motility, we placed ear skin samples freshly
harvested from I-Ab-EGFP knock-in mice in a special tissue
adaptor device with temperature control and constant
perfusion of aerated culture medium, and acquired EGFP
fluorescent signals every 5 minutes using confocal micro-
scopy. EGFPþ epidermal LCs showed an interesting move-
ment characterized by repetitive extension and retraction of
long dendritic processes (Figure 2a and Movie S1). This
behavior was termed ‘‘dendrite surveillance extension and
retraction cycling habitude’’ (dSEARCH). Of a total of 205
EGFPþ epidermal LCs monitored in this manner, dSEARCH
was detected in 198 cells (97%).
Ex vivo behavioral responses of epidermal LCs to maturation
signals
To determine whether epidermal LCs would alter their motile
behaviors in response to maturation signals, we employed
two standard protocols for triggering LC maturation. In the
first model, ear skin samples harvested from I-Ab-EGFP
knock-in mice were placed in organ culture for 16 hours
before acquisition of time-lapse confocal images. In the
second model, we s.c. injected TNFa into the ears, harvested
the ear samples 16 hours later, and immediately started image
acquisition. As expected, EGFPþ epidermal LCs showed a
marked increase in size and hyper-elongation dendritic
processes (Figure 1b and c), two morphological changes
known to accompany in situ LC maturation (Aiba and Katz,
1990; Enk et al., 1993; Stoitzner et al., 2003). In addition, a
25 or 28% reduction in surface density of EGFPþ LCs was
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observed after skin organ culture or local TNFa injection,
respectively, reflecting LC emigration. Application of vehicle
alone or injection of phosphate-buffered saline alone induced
no significant change in the morphology or surface density of
EGFPþ LCs. Importantly, virtually all EGFPþ (and CD11cþ )
epidermal cells were confirmed to express CD11c (and EGFP)
even after skin organ culture or local TNFa injection (Figure
1b and c). These static observations validate that the two
models, indeed, serve as useful systems to study maturation-
associated behavioral changes of EGFPþ LCs in the
epidermis.
EGFPþ epidermal LCs appeared to exhibit exacerbated
dSEARCH when monitored after skin organ culture
(Figure 2b and Movies S2 and S3) or after TNFa injection
(Figure 2c and Movie S4). To assess dSEARCH in a
more quantitative manner, we measured the ‘‘dSEARCH
index’’, representing the cumulative distances of dendrite
extension and retraction observed for a given LC. In fact,
the dSEARCH index values increased significantly after
skin organ culture (Figure 2e) and after TNFa injection
(Figure 2f) compared to the baseline level (Figure 2d and g).
These observations demonstrate that epidermal LCs respond
to maturation signals by amplifying the magnitude of
dSEARCH.
EGFPþ epidermal LCs showed only limited displacement
of their cell bodies in the x–y plane in the skin samples
freshly harvested from untreated mice (Figure 3a and
Movie S1). In contrast, LCs were remarkably motile
when monitored after skin organ culture (Figure 3b and
Movies S2 and S3) or after TNFa injection (Figure 3c and
Movie S4). Those migratory LCs often exhibited a tadpole-like
cell shape and crawled through the intercellular spaces
between adjacent keratinocytes in an amoeba-like fashion
(Figure 3d). This lateral migration occurred without an
apparent directional bias. To assess the migratory behavior
in a more quantitative fashion, we measured the ‘‘traveled
distance’’ representing the cumulative cell body movement
of a given LC. This migratory parameter increased
significantly after skin organ culture and after TNFa injection
as compared to the baseline movement (Figure 3e). Thus,
both tested maturation signals provoke not only dSEARCH
of the dendrites but also lateral displacement of the cell
bodies.
Although beyond the main scope of the present study, it is
noteworthy that we observed vertical LC migration only
incidentally. In the skin samples freshly harvested from
untreated mice, a majority (137/149 cells) of EGFPþ LCs
showed the characteristic morphology by extending long
dendritic processes. In agreement with the notion that
epidermal LCs are mostly found at the same depth throughout
the suprabasal keratinocyte layer (Yu et al., 1994), serial x–y
plane images scanned at different z-axis levels demonstrated
that most dendritic-shaped EGFPþ LCs were positioned on a
single x–y plane at the same z-axis level (Figure 4a and Movie
S5). In both models of LC maturation, we noticed the
emergence of keyhole-shaped EGFPþ cells with relatively
small numbers of dendrites and round-shaped EGFPþ cells
without dendrites. The observed frequency of cells showing
either a keyhole or rounded cell shape was significantly
higher after skin organ culture (47 of 123, Po1010) and
TNFa injection (34 of 89, Po1010) than at the baseline level
(12 of 149). Interestingly, some of the keyhole-shaped LCs
were found to become completely round during the time-
lapse imaging period (up to 4 hours) and this morphological
change was occasionally coupled with downward displace-
ment of the cell bodies in the z-axis direction (Figure 4b and
Movie S6).
In agreement with the previously reported static confocal
images of LCs (Yu et al., 1994), direct cell–cell contact was
rarely observed between adjacent EGFPþ LCs in the absence
of exogenous maturation signals. After skin organ culture or
TNFa injection, however, we often observed apparent over-
laps of dendrite-associated EGFP signals between two or even
three neighboring LCs in maximal intensity projections of the
x–y planes. In serial x–y plane images scanned at different
z-axis depths, direct contact of dendrites was readily
detectable at the same level with 1.0–2.5 mm thickness (see
an arrow in Figure 4b and Movie S6), with the implication
that LCs may establish physical contact to adjacent LCs upon
sensing maturation signals.
EGFP CD11c EGFP + CD11c
a
b
c
Figure 1. Identification of EGFPþ epidermal cells in the skin of I-Ab-EGFP
knock-in mice. (a) Epidermal sheets were prepared from ear skin samples
freshly harvested from I-Ab-EGFP knock-in mice, (b) after 16 hours skin organ
culture, or (c) 16 hours after s.c. injection of TNFa. The preparations were then
labeled with phycoerythrin-conjugated anti-CD11c mAb and examined under
conventional fluorescence microscopy. Bar¼ 20 mm.
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Steady-state and maturation-associated in vivo behaviors of
epidermal LCs
To visualize the bone fide steady-state behaviors, we next
acquired fluorescent images of EGFPþ LCs in the ears of
anesthetized I-Ab-EGFP knock-in mice every 2 minutes.
Significant dSEARCH was detectable in a small fraction
(5–10%) of epidermal LCs in living animals (Figure 5a and
Movies S7 and S8). Interestingly, this dSEARCH-performing
LC population was distinguishable from other sessile LCs in
two static features of larger cell size and higher EGFP signal
intensity (ie, elevated MHC II expression). In fact, the
dSEARCH index values showed statistically significant
correlation with the x–y plane areas of EGFPþ LCs
(Po0.05, n¼ 79), as well as with their EGFP fluorescent
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Figure 2. dSEARCH recorded ex vivo in EGFPþ epidermal LCs. Representative dSEARCH activity is shown for ear skin samples (a) freshly harvested from the
knock-in mice, (b) after 16 hours skin organ culture, or (c) 16 hours after s.c. injection of TNFa. The panels display maximal intensity projections of the x–y planes
collected at 5 minutes intervals. Bar¼ 10mm. Time-lapse images of EGFPþ LCs showing baseline and maturation-associated dSEARCH activities can be viewed
in Movies S1–S4. dSEARCH indexes were calculated for individual EGFPþ LCs every 5 minutes for the 175 minutes observation period in ear skin samples
(d) freshly harvested from the knock-in mice, (e) after 16 hours skin organ culture, or (f) 16 hours after s.c. injection of TNFa. Each line indicates dSEARCH index
values of a given LC measured at different time points. (g) Mean dSEARCH index values during the observation period are shown for individual LCs, with the
mean values calculated from all the examined LCs in individual panels indicated with bars. Statistically significant differences compared to the baseline levels
are indicated with asterisks (*Po0.05, **Po0.01). Filled and open circles correspond to the cells shown in (d–f) with solid and broken lines, respectively.
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intensities (Po0.01, n¼79). Thus, dSEARCH appears to
represent a motile feature of a subpopulation of epidermal
LCs undergoing spontaneous partial maturation. This, in turn,
implies that the ‘‘baseline’’ dSEARCH observed ex vivo with
an overwhelming majority of LCs most likely reflected
accelerated maturation triggered by unavoidable inflamma-
tory stimuli or danger signals associated with tissue dissection
from living animals and subsequent tissue exposure to an in
vitro environment for image acquisition. It should be noted
that EGFPþ LCs in the ear skin of euthanized mice showed
no significant motile activities, except for subtle movement of
intracellular EGFPþ MHC II vesicles, perhaps representing
Brownian motion (data not shown).
A key question then concerned whether maturation signals
would alter the motile behaviors of LCs in living animals. To
answer this question, we applied a standard hapten, DNFB,
topically to the ear skin and recorded motile activities of
EGFPþ LCs by intravital confocal microscopy at various time
points. LCs exhibited an increase in size and hyper-
elongation of dendrites, and these static features signifying
LC maturation approached a peak at 24–30 hours post-DNFB
application. During this phrase, we also observed a dramatic
increase not only in the fraction of LCs showing dSEARCH
but also in the magnitude of the dSEARCH (Figure 5b and
Movie S9). The dSEARCH index values measured 30 hours
after DNFB treatment (Figure 5d) were significantly higher
than the steady-state levels (Figure 5c and f), as well as the
levels observed after topical application of vehicle alone
(Figure 5e and f).
We failed to observe migratory activities of EGFPþ LCs in
the steady state (Figure 6a and Movie S10). By contrast,
substantial lateral migration became readily detectable in the
epidermis after DNFB application (Figure 6b and Movie S10).
The traveled distance values were indeed significantly higher
in the DNFB-treated skin than in the untreated skin and in the
vehicle-painted skin, confirming our visual observations
(Figure 6c). Interestingly, apparent overlaps of dendrite-
associated EGFP signals between adjacent LCs were observed
after DNFB application (Figure S1 and Movie S9). Of the 135
EGFPþ LCs analyzed by scanning x–y plane images at
different z-axis depths with 1.0 mm thickness, 36 cells (27%)
showed direct contact with at least one neighboring LC
during the 60 or 120 minutes observation period. This
frequency of LC–LC contact formation measured 30 hours
after DNFB treatment was significantly higher than the
frequencies observed in the steady state (11 of 192,
Po0.001 by w2 test) and after topical application of vehicle
alone (9 of 89, Po0.01). Taken together, these intravital
imaging experiments confirmed our ex vivo observations that
maturation signals provoke not only dSEARCH motion of the
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Figure 3. Maturation-associated lateral LC migration. The x–y positions of individual EGFPþ LCs were tracked over time in samples (a) freshly harvested from
I-Ab-EGFP knock-in mice, (b) after 16 hours skin organ culture, or (c) 16 hours after s.c. injection of TNFa. Locations of the cell bodies recorded during different
phases are shown in different colors (blue: 0–60 minutes, red: 60–120 minutes, and green: 120–180 minutes). Bar¼ 30 mm. (d) Data show representative static
images of amoeba-like migration of an EGFPþ LC recorded after skin organ culture. Asterisks indicate the original x–y location at time 0. The panels display
maximal intensity projections of the x–y planes collected at 5 minutes intervals. Bar¼ 10mm. (e) The traveled distance was measured for each EGFPþ LC over
the 3 hours period. Mean values among all the examined LCs in individual panels are shown with bars.
www.jidonline.org 791
A Nishibu et al.
Behavioral Responses of Epidermal Langerhans Cells
dendrites but also lateral migration of the cell bodies and
perhaps LC–LC contact formation.
DISCUSSION
Our ex vivo and intravital imaging experiments have revealed
the striking motility of epidermal LCs under pathological
conditions. EGFPþ LCs showed exacerbated dSEARCH
motion and provoked lateral migration when monitored after
prolonged skin organ culture, TNFa injection, and hapten
application, three standard protocols for triggering LC
maturation. It was very recently reported that epidermal LCs
visualized in vivo in the langerin-EGFP knock-in mice begin
to show exacerbated movement of dendritic processes and
lateral displacement of the cell body 24 hours after mechan-
ical skin trauma produced by tape stripping, although no
quantitative analysis was performed (Kissenpfennig et al.,
2005). Taken together, these imaging studies now establish a
new concept that in situ maturation of intraepithelial LCs is
accompanied by coordinated changes in their dynamic
behaviors.
Although the function of dSEARCH motion remains to be
determined, it seems reasonable to discuss its potential
relationship to the local immunosurveillance role of LCs. Yu
et al. reported three-dimensional structures of epidermal LCs
visualized in fixed human skin specimens by labeling with
FITC-conjugated anti-CD1a mAb. Although the surface
densities of LCs varied significantly (from 270 to 930 cells/
mm2) in different skin sites and among individuals, the x–y
plane area covered by LCs remained surprisingly consistent,
that is, about 25% of the total skin surface area (Yu et al.,
1994). This was accomplished by 3–4-fold increased cell
volumes of individual LCs in the area with reduced LC
densities, documenting a compensatory mechanism for
maintaining fine LC networks at the environmental interface.
The above number, that is, 25% coverage of the skin, is
remarkable considering the fact that LCs constitute less than
2% of epidermal cell populations. Individual LCs achieve this
by laying their disk-like cell bodies (12 mm in diameter) in
parallel to the skin surface and by projecting multiple
dendritic processes laterally to the lengths often exceeding
25 mm (Yu et al., 1994). It has been calculated based on static
confocal images of CD1aþ LCs that each LC must survey 53
epidermal cells (Bauer et al., 2001). Thus, we propose that
dSEARCH motion may represent a dynamic mechanism by
which epidermal LCs cover an even broader surface area and
survey the intercellular spaces between epidermal cells even
more efficiently through intermittent dendrite extension in
different directions.
LCs are known to internalize various forms of antigens,
including pathogenic microbes (Moll et al., 1995; Romani
et al., 2003). Using melanin granules as traceable antigens,
Hemmi et al. (2001) demonstrated steady-state antigen
transport from the epidermis to skin-draining LNs, but not
to other lymphoid tissues. As no transport was observed in
TGFb1-deficient mice, which lack epidermal LCs (Borkowski
et al., 1996), the above observations imply that melanosomes
are internalized primarily by LCs in the epidermis. With
regard to behavioral mechanisms, a murine LC-like immature
DC line XS52 has been shown to internalize Treponema
pallidum efficiently by extending and coiling the dendrites in
vitro (Bouis et al., 2001). Likewise, CD11cþ DCs in gut
mucosa have been reported to extrude their dendritic
processes to the luminal side of the epithelium to directly
capture bacteria in vivo (Rescigno et al., 2001). Thus, it is
conceivable that dSEARCH motion of the dendritic processes
may facilitate efficient antigen sampling by epidermal LCs. If
this is correct, LCs would show improved melanosome
uptake in the mature state. Interestingly, this prediction was
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Figure 4. Vertical LC migration coupled with morphological changes.
(a) EGFPþ epidermal LCs were evenly distributed to the suprabasal
keratinocyte level (depth: 0 mm) in skin samples freshly harvested from
untreated skin. The x–y plane images of these LCs are shown at the indicated
z-axis depths. Bar¼10 mm. Sequential x–y images scanned at different z-axis
levels can be viewed in Movie S5. (b) EGFPþ LCs became detectable on
different z-axis levels after skin organ culture. To illustrate the vertical
displacement of some of these LCs, x–y plane images of the same field are
shown at the suprabasal level (depth: 0 mm) and a level 10.2 mm below at four
different time points. A keyhole-shaped EGFPþ LC showing vertical migration
is indicated with an asterisk. An overlap of dendrite-associated EGFP signals
between neighboring LCs is indicated with an arrow. Sequential x–y images
scanned at different z-axis levels and at different time points can be viewed in
Movie S6.
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proven four decades ago; epidermal LCs (defined by the
inclusion of Birbeck granules) that had engulfed melano-
somes within phagocytic vacuoles were identified by
electron microscopy in human skin harvested 18–24 hours
after tape stripping, but not in untreated control skin
(Mishima, 1966).
Not only do LCs initiate protective immunity against
potentially harmful antigens, they also silence immune
responses against self-antigens and innocuous environmental
antigens (Steinman and Nussenzweig, 2002). LCs accomplish
this dual task by altering their state of maturation. It was
shown that transgenic mice expressing the entire gene
encoding an intact ovalbumin protein under the control of
the keratin 14 promoter failed to mount cellular immune
responses to this foreign protein antigen, despite its consti-
tutive production in the epidermis (Shibaki et al., 2004).
Furthermore, DC-targeted delivery of foreign protein antigens
using anti-DEC205 mAb resulted in peripheral tolerance of
antigen-reactive CD4 and CD8 T cells, whereas robust and
persistent T-cell activation was inducible by codelivery of
agonistic anti-CD40 mAb as a DC maturation signal (Hawiger
et al., 2001; Bonifaz et al., 2002). The immunosilencing
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Figure 5. In vivo dSEARCH motion of LCs recorded in the steady state and after DNFB application. Anesthetized knock-in mice were examined by intravital
confocal microscopy for dynamic movement of EGFPþ LCs (a) in the steady state or (b) 30 hours after topical DNFB application. The panels display maximal
intensity projections of the x–y planes collected at 10 minutes intervals of representative LCs. Bar¼20 mm. dSEARCH indexes were calculated for indivi-
dual EGFPþ LCs (c) every 6 minutes for the 60 minutes observation period in the ear of anesthetized mice in the absence of any treatment or (d) 30 hours after
topical application of 0.5% DNFB or (e) vehicle alone. (f) Mean dSEARCH index values during the observation period are shown for individual LCs, with the
mean values calculated from all the examined LCs in individual panels indicated with bars. Statistically significant differences compared to the baseline levels
are indicated with asterisks (**Po0.01, ***Po0.001). Filled and open circles correspond to the cells shown in (c–e) with solid and broken lines, respectively.
Time-lapse in vivo images of EGFPþ LCs recorded in the absence of exogenous stimuli can be viewed in Movies S7 and S8. Time-lapse in vivo images of DNFB-
induced behavioral changes can be viewed in Movie S9.
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ability of steady-state DCs was further demonstrated elegantly
in a drug-inducible, DC-targeted gene expression system
(Probst et al., 2003). Maturation-associated changes in
surface phenotype and function (eg, elevated expression of
costimulatory molecules and robust elaboration of several
cytokines and chemokines) are generally regarded as switch-
ing mechanisms controlling the immunological outcome
(Steinman and Nussenzweig, 2002). Our new findings now
suggest that LCs may accomplish the dual task by altering
their motile behaviors as well.
In summary, we have demonstrated that local pathological
stimuli provoke dSEARCH, lateral migration, and perhaps
cell–cell contact formation of LCs in the epidermal compart-
ment. These observations introduce a new concept that LC
maturation is characterized not only by dynamic changes in
morphology, gene expression, surface phenotype, and
immunological function, but also by rapid reprogramming
of their in situ motile behaviors. Visualization of the steady-
state and maturation-induced behaviors of LCs represents the
first step for our understanding of dynamic mechanisms by
which LCs accomplish their tasks at the environmental
interfaces.
MATERIALS AND METHODS
Animals
Imaging experiments were conducted in 8–10-week-old I-Ab-EGFP
knock-in mice (Boes et al., 2002; Bertho et al., 2003). In some
experiments, LC maturation was induced by s.c. injection of murine
recombinant TNFa (R&D Systems, Minneapolis, MN) (100 ng/
animal) or topical application of 0.5% DNFB in acetone/olive oil
(3/1) to the ear skin as described before (Kumamoto et al., 2002;
Mizumoto et al., 2002). All the animal experiments were approved
by the Institutional Animal Care and Use Committee at the
University of Texas Southwestern Medical Center and carried out
according to the NIH guidelines.
Epidermal whole-mount staining
To determine the cellular identity of intraepithelial EGFPþ cells,
epidermal sheets were prepared from ear skin samples by 60 minutes
incubation in 20 mM EDTA in phosphate buffered saline at 371C,
fixed in 4% paraformaldehyde, and then stained with phycoerythrin-
conjugated anti-CD11c mAb (BD Biosciences Pharmingen, San Jose,
CA). Numbers of cells expressing EGFP and/or CD11c were counted
under an Olympus BX60 fluorescence microscope with an  40
Olympus UPlan Fl objective, using a Sensys digital camera system
and MetaVue software (Universal Imaging, Downington, PA)
(Kumamoto et al., 2002; Mizumoto et al., 2002).
Tissue processing for time-lapse imaging
The dorsal aspect of ear skin was gently separated from the
underlying cartilage using a pair of fine forceps. In some experi-
ments, the ear skin samples were cultured for 16 hours before image
acquisition using the described protocol (Stoitzner et al., 2003). The
ear skin sample was draped over the 4-mm-diameter aperture of the
support mount of the tissue slice adapter (Bioptechs, Butler, PA). The
tissue specimen was then mounted onto a Bioptechs Delta T4 dish
with an optically transparent, electrically conductive coverslip
bottom for control of dish temperature at 371C. The tissue specimen
was perfused with phenol red-free RPMI 1640 (supplemented with
20 mM L-glutamine, 100 mM nonessential amino acids, 100 U/ml
penicillin, 100mg/ml streptomycin, 0.25mg/ml amphotericin B,
10 mM sodium pyruvate, and 50 mM N-2-hydroxyethylpiperazine-
N0-2-ethanesulfonic acid), which was aerated with 5% CO2 in air
and pumped through the dish using a micro-perfusion pump at
200–300 ml/min. None of these reagents contained detectable
amounts of endotoxin as tested by the OCL-1000 system (Bio
Whittaker, Walkersville, Maine). The Delta T4 dish with tissue slice
adapter was mounted onto a Leica galvanometer stage adapter
affixed to a Leica DMIRE2 inverted fluorescent microscope.
Ex vivo recording of time-lapse confocal images
Confocal images were acquired by a Leica TCS SP2 confocal
microscope. Excitation was achieved using a visible light
wavelength of 488 nm. Fluorescence was detected using an  20
Leica Plan Apo objective. Three-dimensional image stacks (x, y, z)
were recorded every 5 minutes up to 4 hours (20 sequential x–y
planes separated by 1.0–2.6 mm). The maximum intensity projections
of the x–y planes for each three-dimensional stack were then
generated using the Leica Confocal Software package, MetaMorph
software (Universal Imaging), and ImageJ program (NIH, Bethesda,
MD). Dendrite length was measured from the tip of the dendrite to
the cell body, using the Quantify function of the Leica software. The
x–y positions of the center of a cell body were tracked at different
time points using the Track Points function of the MetaMorph
software.
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Figure 6. In vivo lateral migration of LCs recorded in the steady state and
after DNFB application. Anesthetized knock-in mice were examined by
intravital confocal microscopy for migratory activities of EGFPþ (a) LCs in the
steady state or (b) 30 hours after topical application of 0.5% DNFB. The x–y
positions of each EGFPþ LC were tracked over the 60 minutes imaging
period. Bar¼30 mm. (c) The traveled distance was measured for each EGFPþ
LC over the 60 minutes period under the steady state or 30 hours after topical
application of 0.5% DNFB or vehicle alone. Mean values of all the examined
LCs in different panels are shown with bars. Statistically significant differences
are indicated with asterisks (***Po0.001).
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Intravital confocal imaging
The I-Ab-EGFP knock-in mice were anesthetized with intraperito-
neal injection of the anesthetic cocktail (ketamine 100 mg/kg,
xylazine 10 mg/kg, and acepromazine 1 mg/kg) with repeated half-
dose administrations as required. To reduce autofluorescent signals
associated with hair follicles, the ear skin was treated with Nair
(Church & Dwight, Princeton, NJ) 3 days before intravital imaging in
some experiments. This pretreatment caused no detectable changes
in the number, distribution, or morphology of EGFPþ epidermal LCs.
The animals were placed on an imaging stage to mount the tip of the
ear, with the ventral side down, to record images of EGFPþ LCs
every 2 minutes (up to 120 minutes) using single-photon confocal
microscopy. Throughout the observation period, the body tempera-
ture of the animal was maintained with a heating pad (Gaymar,
Orchard Park, NY) and oxygen was delivered via an inhaler.
Statistical analyses
The dSEARCH index was calculated for each EGFPþ LC by adding
the absolute values of the changes in dendrite length for all
dendrites recorded over the previous 5 or 6 minutes period by
ex vivo or intravital confocal imaging, respectively. To subtract
the experimental noise caused by Brownian motion of EGFP
fluorescent signals, marginal changes in dendrite length smaller
than the cutoff level (ie, meanþ 3 standard deviation observed in
euthanized mice) were scored as 0. The traveled distance was
calculated by adding the linear distances in the x–y plane measured
between adjacent frames throughout the observation period and is
expressed as micrometers per hour. Statistical analysis of dSEARCH
values and the frequencies of keyhole or round-shaped LCs were
assessed by the Mann–Whitney U-test and the w2 test, respectively.
The x–y plane areas of individual EGFPþ LCs and their EGFP
fluorescent intensities were measured using MetaMorph software.
All experiments were repeated at least three times to confirm the
reproducibility of the results.
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SUPPLEMENTARY MATERIAL
Movie S1. Time-lapse images of baseline ex vivo behaviors of epidermal LCs.
Confocal images recorded every 5 minutes in skin samples freshly harvested
from I-Ab-EGFP knock-in mice were compiled to show dynamic movement of
EGFPþ epidermal LCs.
Movie S2. Time-lapse images of ex vivo behaviors of epidermal LCs after skin
organ culture. The same data set shown in Figure 4b was compiled to show
dynamic x–y plane images of EGFPþ LCs after 16 hours skin organ culture. A
keyhole-shaped EGFPþ LC altering its cell shape during the observation
period is indicated with an asterisk. An overlap of dendrite-associated EGFP
signals between neighboring LCs is indicated with an arrow.
Movie S3. Time-lapse images of ex vivo behaviors of epidermal LCs after skin
organ culture. Different data set recorded in an independent experiment was
compiled to show provoked motile activities of EGFPþ LCs after 16 hours skin
organ culture.
Movie S4. Time-lapse images of ex vivo behaviors of epidermal LCs after local
TNFa injection. Images recorded every 5 minutes in samples harvested
16 hours after s.c. injection of TNFa were compiled to show provoked motile
activities of EGFPþ epidermal LCs.
Movie S5. Sequential x–y plane images of EGFPþ LCs to illustrate their z-axis
locations. The three-dimensional data set shown in Figure 4a was processed
to display sequential x–y images of EGFPþ LCs scanned at the indicated z-axis
depths.
Movie S6. Vertical LC migration coupled with morphological changes
observed after skin organ culture. The three-dimensional data set shown in
Figure 4b was complied to display sequential x–y images of EGFPþ LCs
scanned at the suprabasal level (depth: 0 mm) and 10.2 mm below and
recorded at three different time points (0, 165, and 235 minutes). Time-lapse
images of the same field can be viewed in Movie S3.
Movie S7. Time-lapse images of in vivo behaviors of epidermal LCs in the
steady state. The same data set shown in Figure 5a was compiled to show
steady-state dSEARCH motion detectable in some of the EGFPþ LCs in
anesthetized mice.
Movie S8. Time-lapse images of in vivo dSEARCH motion of epidermal LCs in
the steady state. Different data set from an independent experiment was
compiled to show steady-state dSEARCH motion detectable in an EGFPþ LC
characterized by larger cell size and higher EGFP signal intensity.
Movie S9. Time-lapse images of exacerbated in vivo behaviors of epidermal
LCs in hapten-treated skin. The same data set shown in Figure 5b was
compiled to show provoked motile activities of EGFPþ LCs recorded in vivo
30 hours after DNFB application. An overlap of dendrite-associated EGFP
signals between neighboring LCs is indicated with an arrow.
Movie S10. Time-lapse images of in vivo lateral migratory activity of
epidermal LCs in the steady state and after DNFB application. The same data
sets shown in Figure 6a and b were compiled to show the lack of lateral
migration of EGFPþ LCs in anesthetized mice in the absence of pathological
stimuli and show lateral migration of EGFPþ LCs observed 30 hours after
DNFB application.
Figure S1. LC-LC contact formation observed in vivo after DNFB application.
The same three-dimensional data set shown in Movie S9 was processed to
display sequential x–y plane images scanned at the indicated z-axis depths.
An arrow indicates the contact of dendrite-associated EGFP signals observed
between neighboring LCs indicated with asterisks. Scale bar, 20 mm.
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